We report high-brightness blue and green light-emitting diodes ͑LEDs͒ based on II-VI heterostructures grown by molecular beam epitaxy on ZnSe substrates. The devices consist of a 2-3 m thick layer of n-type ZnSe:Cl, a ϳ0.1 m thick active region of Zn 0.9 Cd 0.1 Se ͑blue͒ or ZnTe 0.1 Se 0.9 ͑green͒, and a 1.0 m thick p-type ZnSe:N layer. The blue LEDs produce 327 W ͑10 mA, 3.2 V͒, with the light output sharply peaked at 489 nm, and exhibit an external quantum efficiency of 1.3%. The green LEDs produce 1.3 mW ͑10 mA, 3.2 V͒ peaked at 512 nm, corresponding to an external quantum efficiency of 5.3%. In terms of photometric units, the luminous performance ͑luminous efficiency͒ of the devices is 1.6 lm/W ͑blue͒ and 17 lm/W ͑green͒, respectively, when operated at 10 mA. © 1995 American Institute of Physics.
High-brightness light-emitting diodes ͑LEDs͒ operating at peak wavelengths in the blue ͑486 -489 nm͒ and in the pure green ͑508 -514 nm͒ spectral regions have been successfully synthesized, processed, and tested. The II-VI double-heterostructure ͑DH͒ devices were grown by molecular beam epitaxy ͑MBE͒ at North Carolina State University ͑NCSU͒ using ͑100͒ ZnSe substrates produced at EaglePicher Laboratory by the Seeded Physical Vapor Transport ͑SPVT™͒ process.
1,2 Substrate wafers were cut from oriented 50 mm diam by ϳ25 mm thick single-crystalline ZnSe ingots. The ZnSe wafers are twin-free and contain no smallangle grain boundaries. Double crystal x-ray diffraction rocking curve studies yield full width at half-maximum ͑FWHM͒ ͑400͒ϭ11-16 arcsec, indicating ZnSe crystal quality comparable to that of GaAs substrates.
The blue and green LED device structures ͑Fig. 1͒ consist of a 2-3 m thick layer of n-type ZnSe:Cl, a 500-1000 Å thick active region, and a 1.0 m thick p-type ZnSe:N layer. For the blue LED ͓Fig. 1͑a͔͒, the active region consists of five 100 Å Zn 0.9 Cd 0.1 Se quantum wells separated by four 50 Å ZnSe barrier layers. The active region of the green LED ͓Fig. 1͑b͔͒ consists of a single 1000 Å layer of ZnTe 0.1 Se 0.9 . Thin ͑ϳ100 Å͒ epitaxial surface layers of HgSe/ZnTeSe were deposited by MBE to obtain better ohmic contact to the top p-type ZnSe layer. MBE growth details are discussed in previous publications. 3, 4 Standard photolithographic and etching techniques 3, 4 were used to fabricate 250 m ϫ250 m mesa diode structures. Gold ͑100 m ϫ100 m͒ was used as a metal contact to the top HgSe layer of each device; indium was used to contact the n-type ZnSe layer. Direct contact to the n-type ZnSe epilayer was necessitated because of the insulating nature of current ZnSe substrates. The HgSe/ZnTeSe contacting scheme produced an excellent ohmic contact, as is evidenced by the current-voltage ͑I -V͒ curve for a processed LED shown in Fig. 1͑c͒ .
The LEDs were packaged in a standard T-1 3/4 clearepoxy lamp configuration for testing. The optical properties of the devices were measured using a Photo Research SpectraScan system which consists of a model PR-704 spectroradiometer equipped with a 256-element silicon photodiode array that is thermoelectrically cooled to 0°C for maximum sensitivity and efficiency, a model IS-701A/703A calibrated integrating sphere, and SpectraView computer software for measuring LED properties in both radiometric and photometric units. In radiometric units, the total LED output power or radiant flux ⌽ e ͑in watts͒ is first measured. The external quantum efficiency q ext is obtained by dividing the measured radiant flux ⌽ e from the device by the photon energy ͑in eV͒ of the peak emission E ph , and then dividing this number by the current I ͑in amperes͒ flowing through the device:
͑1͒
The external power efficiency p ext is obtained by dividing the measured radiant flux from the LED by the product of the current I times the applied voltage V app :
Finally, the luminous performance ͑sometimes called the luminous efficiency͒ v ext of the LED is obtained from the measured luminous flux ⌽ v ͑in lumens͒ by dividing this quantity by the product of the current I times the applied voltage V app : Figure 2 shows plots of the light emission versus wavelength for representative blue and green LEDs based on II-VI heterostructures. The emission characteristics of an InGaN blue LED from Nichia Chemical Industries ͑Japan͒ is also shown for comparison. Figure 2͑a͒ shows that the light output from the ZnCdSe blue LED is sharply peaked at 489 nm with a FWHM of 72 meV. The ZnCdSe device produces 327 W at 10 mA, corresponding to an external quantum efficiency q ext ϭ1.3%. This is approximately 30 times larger than commercial SiC LEDs and is the brightest blue LED ever made from II-VI materials.
For comparison, Fig. 2͑b͒ shows the emission spectrum for a Nichia Chemical Industries blue LED based on InGaN. 6 The InGaN device produces 1.04 mW at 10 mA and exhibits an external quantum efficiency of q ext ϭ3.8%. These are extremely impressive characteristics. Note, however, that the InGaN LED produces a very broad emission spectrum ͑FWHMϭ510 meV͒ with the light output spanning from the violet to the yellow-orange spectral region. This broad spectrum, which results from the intentional introduction of Zn into the InGaN active region of the device to produce a deeplevel emission peaked at ϳ450 nm, 6 makes the output appear whitish-blue when the LED is viewed with the human eye. Figure 2͑c͒ shows the optical emission spectrum for a ZnTeSe green LED. The ZnTeSe device produces 1.3 mW at 10 mA, corresponding to an external quantum efficiency of q ext ϭ5.3%. The ZnTeSe green LEDs which we are reporting represent the brightest green LEDs ever made from any semiconductor material. They are more than 50 times brighter than commercial GaP LEDs which produce outputs peaked in the yellow-green at 555 nm. Although the presence of Te broadens the emission somewhat ͑FWHMϭ245 meV͒ since Te acts as an isoelectronic hole trap, most of the light from the ZnTeSe device occurs in the blue-green to green spectral regions from 500 to 550 nm. The LED emission appears as a vibrant deep green to the human eye. External quantum efficiencies q ext , external power efficiencies p ext , and luminous efficiencies v ext , obtained using
Eqs. ͑1͒, ͑2͒, and ͑3͒, are also listed in Table I . In addition, the internal quantum efficiency q int of each of the devices was estimated using the expression:
where opt is the optical efficiency of the LED lamp which can be estimated using standard equations. 5 In these calculations, refractive indices of n epoxy ϭ1.50, n ZnSe ϭ2.826 at 489-512 nm, and n GaN ϭ2.480 at 450 nm were used. For II-VI blue/green LEDs grown on a transparent ZnSe substrate, we obtained opt ϳ0.186. By way of comparison, if an absorbing substrate such as GaAs is used, opt is only ϳ0.037, which significantly limits the maximum external efficiency of the device. For the InGaN LED, which was grown on sapphire, opt ϳ0.251. Thus as calculated from Eq. ͑4͒ and listed in Table I , the ZnCdSe blue LED operates with internal quantum efficiency q int ϳ7% while the Nichia InGaN blue LED exhibits q int ϳ15% at 300 K. The light output from both of these devices may be expected to increase significantly as future improvements in epitaxial growth techniques increases q int . For the ZnTeSe green LED, q int ϳ28%. This is comparable to the internal efficiencies of commercial superbright red LEDs and gives direct evidence that the Te isoelectronic sites in ZnTeSe provide an excellent mechanism for very efficient green light emission at room temperature.
The key issue concerning the development of II-VI blue/green light emitters which remains to be addressed is that of device degradation. All of the II-VI laser diodes and LEDs produced to date suffer from degradation of their light output. 8, 9 In the case of laser diodes, the longest published cw lifetime at room temperature is only 9 min. 10 A homoepitaxial growth approach using ZnSe substrates rather than GaAs has resulted in improved lifetimes for LEDs produced at NCSU. Figure 3 shows 300 K degradation data for two ZnTeSe LEDs operated continuously at two different dc current densities. The observed decrease in optical output power ⌽ obeys the equation
where is the exponential lifetime of the device. For a current density Jϭ15 A/cm 2 , ϭ675 h. For a higher current density Jϭ50 A/cm 2 , the LED lifetime ϭ350 h. Thus the degradation process accelerates as the current density flowing through the device increases. Preliminary x-ray diffraction and transmission electron microscopy experiments indicate that the dislocation density in present devices grown on ZnSe is about 10 6 /cm 2 . Improvements in nucleation and growth to reduce dislocation densities are expected to increase the device lifetime substantially in the months ahead. Thus it may be expected that initial commercial-grade devices will operate with high efficiency and low currents ͑ϳ1 mA; 100 W͒, for which there is a substantial market, in order to insure long lifetimes.
In summary, we are reporting world-class demonstrations of blue and green LEDs based on II-VI heterostructures grown on ZnSe substrates. The blue LEDs produce 327 W ͑10 mA, 3.2 V͒, with the light output sharply peaked at 489 nm, and exhibit an external quantum efficiency q ext ϭ1.3%. The green LEDs produce 1.3 mW ͑10 mA, 3.2 V͒ peaked at 512 nm, corresponding to an external quantum efficiency q ext ϭ5.3%. In terms of photometric units, the luminous performance v ext of the devices is 1.6 lm/W ͑blue͒ and 17 lm/W ͑green͒, respectively, when operated at 10 mA. FIG. 3 . Natural log of ⌽/⌽ 0 vs time t for ZnSe/ZnTeSe green LED. The LED light output decays exponentially with a time constant whose value depends on the drive current density J applied to the LED. Data set ͑a͒ corresponds to Jϭ15 A/cm 2 , ϭ675 h and ͑b͒ corresponds to Jϭ50 A/cm 2 , ϭ350 h.
